Abstract: This paper examines the extent to which three alternative transport fuels, namely natural gas-based fuels, biomass alcohols and electricity or hydrogen can significantly lower greenhouse gas emissions and oil use for light vehicles. The year 2020 was chosen as the reference year, because of the long lead times for major penetration of a new fuel. Only minor oil savings were found possible with natural gas and biomass fuels, and emission savings are maximized if these fuels are used for electricity generation rather than transport. At present, neither electric nor hydrogen vehicles offer emission reductions over equivalent petrol vehicles. Only when most electricity is derived from renewable energy will such vehicles give substantial greenhouse gas emission reductions.
Introduction
Oil dominates transport fuels today. In 1999 global transport final oil consumption was about 1660 million tonnes or 70 exajoule per year [14] . Alternatives derived from natural gas, biomass and electricity together achieved only a few percent share. The use of alternatives to oil in transport has a number of possible justifications. Some researchers consider that global oil production will peak around the year 2010, with production constraints thereafter, leading to higher oil prices [6, 16, 2] . Further, the bulk of oil reserves lie in the Middle East, so alternatives to oil will help energy supply security, and limit the rising costs of oil imports as domestic oil reserves are depleted. Alternatives are also advocated as a means of reducing either local air pollution, especially in urban areas, or global air pollution, that is, emissions of greenhouse gases (GHGs), which look set to produce serious climatic changes in the 21st century [33] . Finally, it is at least possible that an alternative may simply be cheaper than oil.
This paper focuses on the potential of alternative transport fuels to reduce greenhouse gas emissions and replace oil. The importance of alternative fuels is underlined by the US Energy Policy Act of 1992, which calls for replacing 30% of oil use in light vehicles with alternatives by 2010, with attention given to GHG impacts [8] . The three alternatives examined in detail here are fuels based on natural gas (NG), ethanol from biomass, and electric or hydrogen powered vehicles. One leading alternative which will not be considered further is liquefied petroleum gas (LPG), since not only are its emissions savings small [29, 30, 9] , but it can never replace more than a small fraction of transport fuels. Its annual production is tied to oil and gas production rates, and its use in transport conflicts with alternative uses. Similarly, 'unconventional oil' such as oil extracted by tertiary recovery methods, or tar sands, are not considered as alternatives, but, following the IEA, are seen as the future source of oil, albeit more expensive to recover than present oil [15] .
The main findings of this paper are that neither NG or biomass fuels can bring about major reductions in transport GHG emissions or oil use. Vehicles powered by grid electricity, or hydrogen produced from electricity, can potentially replace most land transport oil consumption, but major GHG reductions will not occur until grids use mainly non-fossil energy inputs, which is probably many decades away.
Approach
All alternative fuel use reduces transport oil use. The overall reduction will depend on the level of oil inputs into the alternative fuels. These are very small for NG and biomass, and even for electricity generation, oil today forms only 8.5% of the primary energy input worldwide [14] . Of course, a country may see little benefit in replacing oil by NG, e.g. if that also has to be imported. Also, an alternative may allow large (if costly) transport oil replacement, but be of no use for GHG reduction. Synthetic oil from coal, which would exacerbate GHG emissions, is one such example. Because all alternatives reduce oil consumption, but do not necessarily cut GHGs, our emphasis will be on GHG reductions.
It is important to choose carefully the year in which the alternative fuels comparisons are made. In this paper, the year 2020 has been chosen for several reasons. The first is the decades-long lead times usually needed for putting in place the infrastructure for an alternative fuel, or for a radically new vehicle design to win substantial market share. Mintz et al., e.g. in their work on the US Partnership for a New Generation of Vehicles, consider it optimistic to assume that these vehicles will gain 60% of new vehicle sales by 2030 [19] . World oil prices are presently fairly low and could remain so for some years. Although each alternative fuel has its supporters, there is no one fuel that stands out as clearly superior. The Kyoto agreements on GHG emission cuts for OECD countries by the period 2008-2012 are too modest to drive drastic changes in transport. Finally, many important transport and fuel use studies [29, 30, 9] use dates from 2010 to 2030 as their reference year, with one key study [15] , using 2020.
One consequence of this choice of reference year is that alternatives which look abundant today, when total world transport energy consumption is 1.755 billion tonnes of oil equivalent (btoe) [14] , may be in much shorter supply in 2020 and beyond when total world transport energy consumption is expected to have grown to around 2.8 btoe [15] . For a fuel to be a viable alternative it must make a real difference to oil use or GHG emissions. For this reason, it is not considered enough to demonstrate that a given alternative has lower oil consumption, or emissions, per km of vehicular travel, in a given country in a given year. It is also important that the reserves (for fossil fuel alternatives) or annual production potential (for renewable alternatives) are sufficient to allow replacement of a large fraction (e.g. 20%) of global transport oil use, and to sustain this use for at least several decades. Since climatic change is a global problem, there is no benefit if the action of one country to cut GHG emissions leads to a similar increase in some other country. Similarly, in any given country, total GHG reductions across the entire economy are the important issue, not just those in transport. In other words, the question of alternative fuel selection in transport cannot be considered in isolation from, e.g. the electricity generating sector, since those fuels considered here can (and are) also used to generate electricity, where their GHG reduction benefit may be greater for a given expenditure.
This paper concentrates on light road vehicles. While it is recognized that each transport mode will have its own particular requirements, the conclusions drawn are relevant to all transport modes. The emphasis is on light vehicles because they are by far the largest present consumer of transport fuel, a trend which is likely to continue. In the US, many detailed studies of alternative fuels for these vehicles have been done. These recent studies of GHG reductions consider not only the full fuel cycle, but also other trace gases in addition to CO 2 . Ideally, comparisons between oil and its alternatives should consider the cost per kg of CO 2 equivalent avoided, or per kg of oil saved. This is very difficult, mainly because even the present-day cost of alternative fuels in mass production is not always known today, let alone estimates for 2020. A similar problem arises with estimating the equivalent CO 2 avoided.
One final point concerns how the technology associated with each alternative fuel may be compared. Previous investigations have generally used conventional petrolfuelled internal combustion engine vehicles (ICEVs) as the basis for comparison. This makes sense when the alternative considered is also for use in an ICEV, such as is the case for biomass liquid fuels. It is easy to make fair comparisons, as the vehicles are basically the same, except for small differences in engine efficiency and fuel storage. But comparing conventional ICEVs with electric vehicles (EVs) or hydrogen fuel cell vehicles (HFCVs) is biased against oil-fuelled vehicles, because an established, proven, technology is being compared with ones yet to be established, with meager knowledge of their performance when used by millions of ordinary motorists. Further, these proposed alternatives may have inferior range or refuelling times, and cost more when averaged over their life than conventional vehicles. As will be argued more fully below, hybrid electric vehicles (HEVs) fuelled entirely by oil, give a truer picture for both EV and HFCV comparisons. It is evident that NG-fuelled HEVs, e.g. should be compared with petrol-fuelled HEVs, not conventional petrol vehicles.
3 Natural gas-based fuels Natural gas can be used directly in vehicles as compressed or liquefied natural gas (CNG or LNG). It can also be used indirectly, after processing, in the form of methanol or even petrol, as in New Zealand. Methanol itself can be used directly in ICEVs, or after reforming, in HFCVs, athough such vehicles are not commercially available today. CNG has been used in vehicles for half a century, but in 1992 there were only 0.7 million CNG vehicles in the world, or about 0.1% of the total fleet [13] . For the US, the EIA found that CNG had lower emissions than petrol in terms of gm CO 2 per vehicle-km, both evaluated over the full fuel cycle [9] . But the reduction in terms of equivalent CO 2 , when other GHGs were included, fell from 29% to 16%, mainly because of higher fuel cycle methane emissions. For methanol made from NG, this same study found a 12% increase in GHG emissions compared with petrol.
Wang used the GREET model to estimate full fuel cycle emissions for a range of alternate fuels, for a 2000 model year car in the year 2005 [29] . He found that CO 2 equivalent emissions were 213 g/km for petrol, but fell to 201 g/km for CNG, a 6% drop. For a 100% methanol vehicle (NG feedstock), the corresponding value was 230 g/km, an 8% increase. A later paper [30] , again for a model year 2000 car, found an 8% increase for CNG over petrol, but no difference between methanol from NG, and petrol. The change in the CNG value resulted from the assumption that CNG tanks increased vehicle weight, giving a 10% fuel economy penalty. In summary, these studies show that the GHG advantages of NG-based transport fuels are modest at best, and may even be negative. However, NG cannot be eliminated as an alternative, because even zero reduction may be acceptable if oil substitution is judged more important.
So far it has implicitly assumed that adequate supplies of NG would be available for transport. Clearly, for NG to produce major reductions in transport oil use, NG transport fuels must be available in large quantities in the years following 2020. This now seems unlikely. The IEA has recently analysed world energy prospects out to 2020 and beyond [15] . For NG, it was assumed that ultimate reserves, both already produced and still to be produced, were 260 btoe, slightly less than the 310 btoe estimated for oil. World demand for NG is growing faster than that for oil as gas increases its share of energy in the developed countries and gas grids are introduced in an increasing number of industrializing countries.
Although world NG production is not expected to peak before 2020, if present trends continue, OECD production will be heavily in decline, necessitating imports. Long term energy security is not improved by replacing imported oil by imported gas. The IEA analysis expects global NG demand to be around 3.8 btoe by 2020, compared with final transport energy demand then of about 2.8 btoe. With a 260 btoe ultimate reserve base, the gas remaining after 2020 would not last long satisfying conventional gas uses, let alone provide additional energy for such a major new use. Even if the NG resource base turns out to be larger than 260 btoe, gas use for conventional purposes alone will be so high after 2020 that even major additions would only extend the reserves to production ratio by a few years.
Even if CNG or methanol from NG did produce some reductions in GHG releases, NG-fired power stations -already a major use for NG -will reduce emissions in a more cost-effective manner, provided it displaces coal, or even oil. Assume, optimistically, that CNG/methanol can reduce GHG emissions by 16%, the best figure found in the above analyses. Gas-fired power stations have only about 50% of the GHG emissions per KWh of a coal-fired plant, even assuming equal energy efficiencies [11, 29] . It follows that one petajoule of gas used to displace coal for power generation will always lower GHG emissions more than using one petajoule of gas as a transport fuel. If the cost ratio of NG/coal electricity remains less than three times that for CNG/petrol, as seems likely, using gas for electric power will also be a more cost-effective reduction. NG use for transport could be justified if rapid growth in renewable electricity displaced both coal and NG in electricity generation, freeing up NG for transport while greatly reducing electricity GHG emissions. But as discussed below, renewable electricity is unlikely to displace fossil fuels before mid-century, too late for NG transport availability. The New Zealand example is instructive. A major shift to NG-based transport fuels occurred in the 1980s, based on CNG and synthetic petrol. At its peak, NG supplied 30% of New Zealand's transport fuels. Today, the figure is only about 10%, and will decline to near zero by 2014, the expected date of gas field exhaustion, assuming no imports. The share of coal in electricity generation is projected to rise from 2% in 1995 to 17% in 2020 [26] . Similarly, for the world as a whole, the major use of NG in transport could eventually lead to a greater share of coal for electricity production, with attendant rises in global GHG emissions.
Liquid fuels from biomass
Liquid fuels from biomass have a long history, with as many as 40 countries using ethanol-petrol blends in the 1920s and 1930s [20] . Today, the largest programmes are in the US and Brazil. In the US, in the mid-1990s, 5.18 gigalitre (GL) of ethanol was produced annually, nearly all from corn [7] . In Brazil, ethanol is made chiefly from sugarcane, and in 1995, 13.74 GL of ethanol (about 0.0075 btoe) was produced (Macedo and Koller, 1996) . This section first analyses the GHG reductions achieved by the US and Brazilian ethanol programmes, then looks at the potential for alcohol from cellulosic biomass.
The 1996 EIA report on alternative fuels discussed in the previous section also considered the GHG reduction potential of ethanol from corn in the US. Although ethanol gave a small reduction on CO 2 emissions alone, inclusion of other trace gases resulted in a 26% rise in CO 2 equivalent emissions compared with petrol [9] . In contrast, Wang et al. found reductions in combined GHG emissions in the range 35-45% for ethanol compared with petrol, at least part of the discrepancy between the EIA and Wang results lies in their different N 2 O emissions estimates, and possibly, different treatment of by-product credits, which can make a large difference [32] . But as Wang et al. stress, their results provide no indication of GHG emissions if production of corn-based alcohol increased drastically [32] .
In contrast with the ambivalent US results, the Brazilian ethanol programme shows large GHG reductions compared with petrol. According to Macedo, in 1995 ethanol production showed a full fuel cycle GHG reduction of 91% compared with the oil-based fuels it replaced [18] . The rates of mechanisation and fertilization are much lower in Brazil, which explain much of the lower CO 2 equivalent emissions compared with US corn. Further, sugarcane is the most energy efficient crop for sugar/starch fermentation, but it cannot be grown in most OECD countries.
Even if the entire 2000 US corn crop was converted to ethanol at the rate of 0.38 litres per kg of corn [24] , only 95.5 GL of ethanol (about 0.053 btoe) would be available, compared with over 600 GL of oil (about 0.5 btoe) used for transport [27] . From this it is clear that food crops cannot help much, especially when it is realized that globally, grain production per capita has been falling since the mid-1980s, and even Brazil is a significant grain importer [34] . In summary, ethanol from food crops could only replace a small fraction of global transport fuels today, and significantly less after 2020, when for example the US transport energy consumption is expected to be around 0.8 btoe given present rates of growth [15] . For this and other reasons, many energy researchers advocate the use of cellulosic materials rather than food crops. In the studies referred to above, Wang estimated a 23% and 40% GHG reduction compared with petrol for ethanol made from woody and herbacious biomass respectively [29] . His 1997 paper gave a much larger reduction for ethanol in the year 2010: 82% for E85. Other US researchers have also found high reductions. Downing et al. report that in the US, switchgrass produces 20.6 times the energy required to grow and harvest it, and presumably gives large GHG reductions after ethanol conversion compared with petrol [7] . These large reductions are in marked contrast to the more modest GHG benefits found for ethanol from US corn. In contrast, Pimentel et al. state that for the US, only an average of three tonnes of dry woody biomass can be sustainably harvested annually per hectare with small amounts of nutrient fertilizer inputs, much lower than other estimates e.g. [7, 11, 23] . They also argue that in order to promote soil fertility and reduce erosion, crop wastes should not be removed from the land for use as fuel.
But as Borgwardt stresses, biomass crops have to compete for land with other crops, which may offer a better economic return [3] . He shows that the land likely to be available for biomass crops would only be able to supply an insignificant fraction of current US transport fuels, with correspondingly low GHG savings. Borgwardt's solution is to use NG as a joint feedstock to produce methanol, with the hydrogenrich NG improving the conversion efficiency. Cheap NG also raises the acceptable delivered price of biomass. The end result is that the GHG reduction potential is nine times that obtained from producing biomass ethanol and NG methanol separately. However, it relies on large amounts of cheap NG being available for many decades, which, as discussed above, is unlikely.
Outside the OECD, there will likely be little spare fertile land by 2020 [5] , as world demand for food, fibre, forestry products and fuelwood continues to grow. Already in the third world, agricultural residues are fully utilized, and in many countries, biomass is already being harvested unsustainably for fuelwood or other uses. In China, e.g. Smil predicted that by 2000 almost 70% of state forestry bureaus would have no trees to harvest [25] . Cellulosic biomass used globally for fuelwood alone amounted to some one billion tonnes of oil equivalent in 1996 [14] .
As for NG, any biomass energy available for alcohol production will produce much greater GHG reductions if used in electricity generation. The CO 2 benefits from using cellulosic liquid fuels to displace oil for transport in the US are only about half that obtained by using biomass to displace coal for electricity [11] . Gustavsson et al. found similar results for Sweden and further showed that the cost of reducing CO 2 emissions was 2-3 times higher when liquid fuels were produced rather than electricity [12] . In contrast to cellulosic alcohol, electricity from biomass is an established technology, with 59 TWh produced in the US alone in 1994 [35] . Nevertheless, in areas of high air pollution, the use of a low proportion of, e.g. ethanol in oxygenated fuels could be justified by possible seasonable improvements in local air quality, which will offset the loss in GHG emissions reductions.
Electric, hybrid-electric and hydrogen vehicles
The success of vehicles powered by electricity (or hydrogen made from electricity) in reducing GHG emissions depends importantly on the GHG emissions per kWh of electricity, and thus on the share of fossil fuels in the generation of electric power. Worldwide, fossil fuels in 1999 accounted for a slightly higher share of input fuels for electricity generation than in the early 1990s, although their share declined significantly in the two previous decades [28, 15] . In the US, the share of fossil fuel inputs fell from 1980 to 1995, but is projected to increase out to 2020 as older nuclear plants are decommissioned [27] . Similarly, for the world overall, the IEA anticipates that fossil fuels will continue to increase their share out to at least 2020, with nuclear power generation peaking in absolute terms around 2010 [15] .
The shift to non-fossil fuels will evidently be a slow process, mainly because fossil-fuel costs, excluding externalities, are still usually lower than alternatives. The new sources, including wind and photovoltaic cells, will need to expand rapidly just to maintain the present 36% global share of non-fossil fuels, since the proportion of not only nuclear, but also hydro, will probably fall, due to a combination of citizen opposition and lack of suitable new sites. Only when the world, and especially the OECD, generates most of its electricity from non-fossil energy sources, will use of EVs and hydrogen vehicles then enable large reductions in transport GHG emissions. Nevertheless, moving to electric power would save oil, as already mentioned, assuming hat oil's share in electricity production, presently 8.3%, continues to fall in future as expected [15] .
Although it is possible to use alternative fuels for HEVs, EVs, and hydrogenpowered FCVs, HEVs need not necessarily be alternatively-fuelled. Conventionallyfuelled HEVs are more fuel efficient than conventional ICEVs because they use a smaller engine running near its optimum point and because the electric drive/storage battery system allows energy from regenerative braking to be stored. HEVs can use grid electricity for part of their energy needs by pre-charging the batteries [31] , and the engine can be run on alternative fuels. But since HEVs are primarily a way of improving vehicle fuel economy, the relevant question is whether alternative-fuelled HEVs can reduce GHGs compared with HEVs using oil-based fuels. Assuming that the same percentage reductions from using alternative fuels apply to the smaller engines in HEVs, the conclusions of the previous two sections on GHG reductions will be unchanged, although the total quantity of transport fuels required will fall as will GHGs.
Similarly, oil-fuelled HEVs, not conventional ICEVs, are the appropriate basis for investigating the potential advantages of EVs from an alternative fuels perspective. Indeed, the comparison is still biased toward EVs, since both the range and refuelling times are greatly superior for HEVs. Further, hybrid cars have now been in production for several years, and most major auto manufacturers have plans for producing hybrid vehicles.
From the analysis of Wang, it can be deduced that EVs powered by electricity from the US grid in 2015 would result in an increase of 7% in GHGs compared with petrol-fuelled HEVs [30] . Conversely, large reductions could be expected from countries such as France, Norway, Sweden and Switzerland, which already generate more than 90% of electricity from non-fossil energy inputs [34] , assuming that this high proportion can be maintained as grid capacity grows. However, the US electric fuel mix is more typical of the world as a whole. Nevertheless, one form of gridpowered transport, electric trams and trains, are already superior to both petrol ICEVs, and even HEVs on GHG emissions [21] . Continuously drawing power from overhead lines avoids both the energy storage and recharging time problems of batteries. Given the difficulties of motorist acceptance for EVs, electric rail could well be preferred to more expensive private EVs for urban travel, especially in densely populated Asian cities. Oil-fuelled HEVs are an even more appropriate basis for evaluating the potential contribution of hydrogen as an alternative fuel, particularly if a hydrogen fuel cell eventually replaces the internal combustion engine in HEVs. (Toyota has demonstrated this possibility in a hybrid Prius [17] ). The results in Wang allow comparison between US petrol HEVs and hydrogen-fuelled HEVs [30] . If the hydrogen is made from NG, hydrogen fuel cell vehicles (HFCVs) are only about 4% better on GHG emissions than petrol HEVs, (and even this gap could be reduced by using diesel rather than petrol). If the hydrogen came from an on-board methanol reformer (with the methanol from NG), a 19% increase in GHG emissions would result, because of the energy losses to the compressors and reformers [1] . If the hydrogen was produced from solar energy, a 75% reduction is possible.
Even high-volume production of fuel cell vehicles might not reduce overall costs, because the increased demand for platinum as a catalyst would raise its price. Platinum availability would also limit the rate at which FCVs could be introduced worldwide [4] . Fuel cell cars could experience further problems with on-board hydrogen storage, and for this reason fuel cells may be better suited to heavier vehicles such as buses and trucks [10] .
In summary, electric power, or electricity derived-hydrogen, has a crucial advantage over NG or biomass fuels in that it can potentially replace all surface transport oil use. The drawback is that globally, most electric power is still produced from fossil fuels, and this fraction will likely increase out to 2020 and beyond. At present, only electric public transport, and electric transport of all types in those countries with predominantly non-fossil fuel electric power, will save both oil and GHG emissions. We have further argued that the appropriate basis for evaluating the advantages of alternatively-fuelled electric, hybrid or fuel cell vehicles is comparison with petrol-fuelled HEVs. Such comparisons show little or no advantage for alternative fuels at present. Only when electricity (or hydrogen) is derived from renewable energy will electric and hydrogen vehicles be superior to petrol hybrids for both oil and GHG reductions, and they still must reduce costs and improve range to win motorist acceptance. Fuel efficiency improvements to existing light vehicles can save on both oil and GHGs at zero or little net cost. With either conventional or hybrid vehicles, it could be argued that even greater reductions in GHG and oil consumption can be made at low cost if motorists were willing to accept smaller and lower performing vehicles [22] .
Conclusions and recommendations
This paper has examined the scope for NG-based fuels, biomass liquid fuels and electric or hydrogen energy to reduce GHG emissions and replace oil use in transport. The approach used for GHGs was to evaluate the full fuel cycle emissions, in terms of CO 2 equivalents, for light vehicles using the alternative fuel and to compare it with an equivalent petrol vehicle. Since both oil depletion and climate change are global problems, a global approach was taken in estimating their reduction by using alternative fuels. Because the emphasis is on major global reductions, the year 2020 was chosen to allow time for large changes to the fuel mix or vehicle fleet.
NG-based fuels do not show consistent savings in GHG emissions compared with equivalent petrol-fuelled vehicles. Nor can NG be used simply as a replacement fuel, because it is likely that after 2020 global gas reserves will be insufficient to support a major new use. A better use of NG would be to replace coal for electricity generation, as it will give cost-effective GHG reductions for as long as NG is available.
In the OECD countries, liquid fuels derived from grain or other food crops show only modest GHG reduction potential over petrol, although ethanol from Brazilian sugar cane gives large reductions. Since the scope for present or future diversion of food crops is small, attention has focussed on cellulosic biomass as a feedstock. Although 80% GHG reductions may be achievable, given the many competing uses for biomass globally, it seems unlikely that sufficiently high production could occur after 2020, and again, as for NG, would be better used for power generation. Some production may, however, be useful for oxygenated fuels in polluted urban regions.
Because grid electricity globally will be dominated by fossil fuel inputs until possibly the second half of the next century, reliance on electric vehicles of any type will not reduce GHG emissions for the foreseeable future, especially if, as we argue, oil-fuelled HEVs are the appropriate basis for comparison. The exceptions are electric public transport, and EVs and HFCVs in existing grids with low fossil fuel inputs. Only when grids rely mainly on renewable energy (such as wind or photovoltaic electricity) will EVs and HFCVs enable both surface transport oil use and emissions (both local and global) to be largely eliminated.
Until renewables dominate fuel inputs into electricity, improving the fuel efficiency of vehicles is the most cost-effective approach. Reducing the vehicle road load through lower rolling resistance, air resistance and vehicle weight are of benefit to all vehicles, regardless of fuel type or power source. If these improvements are used in conjunction with HEVs, which, though expensive, are already in commercial production, a transition can be made to renewable energy EVs or HFCVs. However, unless consumers and hence manufacturers alter their expectations of future cars, their purchase and fuel costs are likely to be more expensive than present vehicles.
